family guanine nucleotide exchange factor Trio and the
The pigmented region in the top half is either heterozygous or wild-type. The inset shows the arrangement of photoreceptor rhabdomeres, which is normal within the LAR mutant clone. The R7 rhabdomere is clearly evident in these superficial sections (arrowheads). The R8 rhabdomere lies below that of R7, and can be seen in deeper sections in both wildtype and mutant tissue. (E and F) Eye-brain complexes dissected from late third instar larvae and stained with anti-LAR antisera (purple). In wild-type (E), LAR can be detected on the growth cones of R1-R6 in the lamina (arrow). Weak staining can also be detected in the medulla. In a LAR 2127 homozygous animal (F), no LAR protein can be detected. (G) Horizontal section of a wild-type adult head, stained with anti-LAR. LAR is broadly expressed in the adult visual system. lo: lobula; lp: lobula plate. (H-J) Eye-brain complexes dissected from wild-type 45-50 hr pupae carrying the glasslacZ reporter, and stained with anti-LAR (red) and anti-␤-galactosidase (green). LAR can be detected on R1-R6 termini in the lamina (white arrow), and on R7-R8 axons between the lamina and the medulla (white arrowhead). Open arrowheads indicate the termini of R7 and R8 in the medulla, which stains strongly for LAR. cytoskeletal regulator Enabled are essential compomental Procedures). These screens yielded four and two new alleles of LAR, respectively. nents of this pathway.
These mutations could be identified as LAR alleles based on the following criteria: first, complementation Results analysis and genetic mapping placed all six alleles in a single complementation group that, like LAR, is uncov-LAR Is Required for Retinal Axon Targeting ered by the deficiency Df(2L)TW50. Animals carrying any Mutations in Drosophila LAR were recovered in two inone of the new alleles in trans to either Df(2L)TW50 or dependent genetic screens for visual system connectivone of two previously described null alleles, LAR 5.5 or ity defects. Both of these screens employed the eyFLP LAR 13.2 (Krueger et al., 1996), showed the same connecsystem to generate mosaic animals in which virtually tivity defect as the mosaic animals. Second, embryonic the entire retina, but no other tissue, is homozygous for motor axon projections were examined for several of a newly induced mutation (Newsome et al., 2000a LAR mutations result in a striking defect in the tar-2E, and 2F). R7 axons do not ( Figures 2C and 2D ). Although they reach the medulla, most R7 axons stop geting of retinal axons to the medulla. Rather than the two distinct layers of R7 and R8 axon termini seen in short of their normal target layer, generally terminating in the same layer as R8 axons. This R7 targeting defect the medulla of wild-type flies ( Figure 1B) , only a single layer of termini forms in either LAR mutants or eyeaccounts for the single layer of axon termini seen in the medulla with general photoreceptor axon markers. specific LAR mosaics generated with eyFLP ( Figure 1C) In control animals, all labeled LAR ϩ R7 axons targeted axon termini in the medulla might simply be explained their correct layer in the medulla (n ϭ 54; Figure 3A) . In by the loss or transformation of the R7 or R8 cell. This contrast, in LAR mosaics generated with this system, possibility could be excluded when we examined tanmany (40%, n ϭ 115) of the mutant R7 axons terminated gential sections of eyes containing only small patches in the same layer as R8 axons ( Figure 3B ). The remainder of LAR mutant tissue: all photoreceptors were present (60%) terminated in or near their correct target layer, and occupied their normal positions ( Figure 1D ). We though often with abnormal morphology ( Figure 3B ). A therefore conclude that LAR acts not in the specification smaller number of R7 axons, that could not be quantiof photoreceptor cell fates, but rather in the establishfied, appear to terminate in more superficial layers of ment of their correct pattern of layer-specific axonal the optic lobe. connections in the optic lobe.
Interestingly, R7 axons were mistargeted more frequently in eyFLP mosaics than in GMR-FLP MARCM mosaics (compare Figures 1C and 2D Figures 1E-1J ). At the third instar larval ( Figure 3B ), we used a synaptobrevin-GFP marker to stage, LAR protein can be detected in the eye imaginal specifically label R7 synapses. To test whether the disc, the lamina, and the medulla ( Figure 1E ). Staining method of labeling R7 axons could explain this differin the medulla was too weak for us to discern whether ence, we also used the synaptobrevin-GFP marker to LAR is present on R7 and/or R8 growth cones at this label R7 cells in small clones generated with eyFLP. stage. This antibody showed no background staining in Visualized with this synaptic marker, we still see a much LAR null mutants ( Figure 1F ). At pupal stages, strong higher frequency of R7 mistargeting in eyFLP clones LAR expression can be detected in the visual system compared to GMR-FLP clones (93% mistargeting in (Figures 1H-1J) . LAR is present on the growth cones of eyFLP clones, n ϭ 206; Figure 3C ). R1-R6 axons in the lamina, and also on the axons of R7
The higher frequency of R7 mistargeting with eyFLP and/or R8 as they pass from the lamina through to the clones must therefore be due to the method of generatmedulla. LAR is also strongly expressed throughout the ing rather than labeling the mutant cells. GMR-FLP inmedulla, precluding detection of LAR protein specifiduces mitotic recombination during the final cell division cally localized on R7 or R8 growth cones. Staining on that generates the R7 precursor; eyFLP induces recomphotoreceptor axons entering the medulla is however bination much earlier. This suggests two likely explanaalso observed in both sevenless and boss mutants, tions for the different frequencies of R7 mistargeting. which lack R7 cells. This, together with functional data First, it is more likely with GMR-FLP than with eyFLP revealing a genetic requirement for LAR in R7 cells (see that some wild-type LAR RNA or LAR protein from the below), indicates that LAR is likely to be present in both heterozygous precursor cell could perdure in the homo-R7 and R8. zygous mutant R7 cell. Second, in clones generated with GMR-FLP, the R8 cell is LAR ϩ , while with eyFLP, R8 is LAR Ϫ (except in the rare cases of mosaic omma-R7 Axons Are Mistargeted in LAR Mosaics tidia near the clone border). The lower frequency of R7 The presence of just a single layer of photoreceptor mistargeting with GMR-FLP might therefore reflect a axon termini in the medulla of LAR mutants could be nonautonomous function of LAR in R8. due either to a failure of R7 or R8 to extend axons, or to an inappropriate choice of target layer by one or more classes of photoreceptor axon. To distinguish between R7 Axons Initially Target the Correct Layer How do these R7 targeting defects in LAR mutants these possibilities, we used a series of axonal markers to examine the projections of individual classes of phoarise? One possibility would be that R7 axons simply fail to extend through to their correct target layer. Altertoreceptors: Rh1-lacZ to label R1-R6 axons, Rh4-lacZ natively, R7 axons might initially reach their correct tarthe medulla are therefore likely to be disrupted even at this early stage. get layer, but subsequently retract to the R8 layer. To distinguish between these possibilities, we examined the projections of R7 axons as they first arrive in the R7 Targeting Requires a Specific Signal Transduced via the LAR Extracellular Domain medulla. In wild-type animals at 15 hr after puparium formation, R7 growth cones enter the medulla and imThe R7 targeting defect observed in LAR mutants is similar to, but more severe than, that seen in PTP69D mediately extend beyond the layer of R8 termini ( Figure  4A ). R7 growth cones also extend beyond the R8 termini mutants (Newsome et al., 2000a ). In the case of PTP69D, however, it is not yet known whether this is due to a in LAR null mutants at this stage ( Figure 4B ). LAR is therefore required not for the initial extension of the R7 defect in the initial extension of the R7 axon or its subsequent retraction. Nevertheless, the similarity of the LAR axon through to its target layer, but rather to stabilize the axon-target interaction and prevent a subsequent and PTP69D mutant phenotypes suggests that the two RPTPs may have partially overlapping, though clearly retraction. In the LAR mutant, the R7 growth cone does however have a compact, club-like shape, rather than nonredundant, functions in R7 axon targeting. Do LAR and PTP69D contribute additively, but not equally, to a comits normal expanded morphology (Figure 4) . The cellular interactions that regulate R7 growth cone behavior in mon signal required for correct R7 targeting? Or do they (Figures 5C and 5G) . Thus, correct R7 targeting, with 46%-56% of R7 axons terminating in their correct target layer for each of three independent transgeting is critically dependent on the presence of LAR, and its loss cannot be compensated by increased levels gene insertions tested (n ϭ 335-494; Figures 5F and 5G). This result suggests that phosphatase activity is of PTP69D. In contrast, increased levels of LAR can compensate for the loss of PTP69D.
not absolutely required for LAR to regulate R7 target selection. Why is LAR able to substitute for PTP69D, but not vice versa? Perhaps the two RPTPs interact with a common set of signaling proteins, but LAR also has some
Cell-Autonomous and -Nonautonomous Functions of LAR unique partners. If this is the case, then chimeric RPTP receptors should reveal whether these LAR-specific
The finding that LAR can still function to some extent without most of its cytoplasmic domain was particularly partners interact with its extracellular or cytoplasmic domain. We therefore generated GMR transgenes enintriguing in light of the hint from the single cell mosaic analysis that LAR may act at least partially in a non-cellcoding chimeric LAR-PTP69D and PTP69D-LAR recep- 
and 6E). This autonomous function of LAR LAR be required in only one of the two cells, R7 or R8?
We tested this by asking if the full-length and truncated is critically dependent on its cytoplasmic domain, as no rescue was observed with the truncated receptor LAR proteins could restore correct R7 targeting when expressed exclusively in R7 or R8. For this, we used the (6%-10%, n ϭ 397-451; Figures 6C and 6E ). Full-length LAR also partially restores R7 targeting when expressed R7 driver sev-GAL4 (Richardson et al., 1995) or the R8 driver 109.68-GAL4 (White and Jarman, 2000) to express only in R8 (33%, n ϭ 431; Figures 6B and 6E) . In contrast to the autonomous function, this nonautonomous func-
UAS-LAR and UAS-LAR⌬C transgenes in the LAR

/ LAR
2127 null mutant background. sev-GAL4 also drives tion of LAR does not require its phosphatase domains (36%-38%, n ϭ 317-386; Figures 6D and 6E ). That expression in R3 and R4, but these cells are unlikely to be involved in R7 target selection. Using a UAS-lacZ LAR⌬C partially restores correct R7 targeting when expressed with 109.68-GAL4 but not sev-GAL4 also proreporter, we confirmed that sev-GAL4 is not expressed in R8, and that 109.68-GAL4 is not expressed in any vides functional evidence that 109.68-GAL4 is indeed specific to R8. photoreceptor other than R8.
The full-length LAR protein almost completely reThese data strongly support the idea that LAR can regulate R7 targeting by acting either as a receptor in stores correct R7 targeting when expressed in the R7 LAR expression in R8 could conceivably allow it to signal to R7, even though the endogenous protein does not. 10.3% to 25.5%, n ϭ 409 and 310, respectively). These complementary dosage-sensitive genetic interactions Despite these caveats, the fact that two complementary sets of observations both suggest a nonautonomous support the idea that both Ena and Trio contribute positively to LAR function in R7 axon target selection. Abl role for LAR gives us confidence in inferring that "reverse" signaling by LAR in R8 does indeed contribute to did not interact with LAR, perhaps because it is not a rate-limiting component in this system. R7 axon target selection even under normal conditions. If this idea is correct, then presumably the R7 growth cone must have some means of detecting a LAR signal Discussion from R8 above the background "noise" resulting from strong LAR expression throughout the medulla. This We have shown here that the LAR receptor tyrosine phosphatase is required in the retina for R7 axons to might be achieved, for example, if LAR acts in combination with other factors specific to R8. Alternatively, the select their appropriate synaptic targets in the optic lobe of the Drosophila brain. In eye-specific LAR mosaics, LAR signal from R8 may be spatially and temporally separated from signaling events in the medulla. R7 and most R7 axons initially extend to their correct target layer in the medulla, but then retract to the more superfi-R8 axons are in intimate contact long before they arrive in the medulla, providing ample opportunity for a LAR cial R8 target layer. Single cell mosaic analysis and transgenic rescue experiments lead us to propose that signal to pass from R8 to R7 before it is drowned out in the medulla. 
